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Abstract

Two Voyager spaccciaft wme  cutrently exploring  the outer 1eaches of the
heliosphere in search of the termination -hock, and the heliopause boundary with the
interstellar medium. With the potentizlofcontinuing spacecialt operations until about
2020, there is a high likeliliood of orc of the spaceciaft penctyating one or both of
these heliospheric features.

This paper provides a description of e Vovager Interstellar Mission - the mission
objectives, the spacecraft and sciencepavhad, the Mission Operations System, and kcy
clements of the mission opcrations conceprincluding a deseription of multimission and
automation implementations tho it ¢ng vle rcdnced flight team staffing. Also included is a
bricf history of the Voyager Projec t and recommendations for consider ation by future
projeets of specific spacectaft/gronniuad -wand plementations as potential ways of
reducing mission operation costs

Introduction

The Voyager 1 and 2 spacecrafi(S/¢C) han ¢ beeninflight for over 18 years. During the first
twelve years of this time period, thetwoS/C rotarned a wealth of scientific information about the
planetary systems of Jupiter, Satur i, Ul i s, and Neptune, and the interplanctary medium
between Earth and Neptune. At the beginmng of 1 990, afterover twelve years in flight, the two
Voyager (VGR)S/Cbegan anew saientific ciideavor, the VoyagerInterstellar Mission (VIM).
This missions purpose is tocharac tciive themter planetary medium beyond Neptune and to
search for the transition region between the lioliosphere and the interstellar medium. With the
potential of continuing S/C oper ations unti) the 2020 time period, the possibility exists for
rcaching and passing beyond the hicliopause, providing the oppor tunity to sample and
characterize the interstellar medium. T'hns schievement would provide an admirable finale to one
of the greatest scientific adventuwries of spaceilight, if” notof mankind.




Voyager llistory

The Voyager Projcct beganind @72 undathe name Mariner Jupiter/Saturn 1977 (MJS77)
Project. Prior to launch, the projectnamewas hangedto Voyager.  The Voyager mission design
took advantage of a rare gcometricarangement of the outer planctsinthe late 1970s and the
1980s (occurs approximately cveiyl?’s vems) which allowedfor a f'ol]l-planet tour by a single
S/C with @ minimum of propellantandinptiny - By using the pravity of cach planet to bend the
S/C flight path and increasc its heliocent e velocity enougli to deliver the S/C to the next
destination, the flight time to Neptunewi. red ced from 30 to 12 years.
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achicved. Figure 1 illustrates the /
trajector ics of the two Voyaper SK’
through the solar  system  and
includes the closest approach dates
at cach planct.

The 825 Kg Voyager SIC [ 1,2 ) witew f1 2htcon figuration is illustrated in Figure 2.
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From launch, in 1977, through thNeprune encounterin | 989, periodic S/C and ground
system configuration changes wereneccssaryvto deal with: a better understanding of  the actual
S/C performance capabilities; S pesformance changesdue to increased age or subsystem
anomalics, and; S/C engineering chanpesiesuling fromthe everincreasing operating distance from
the Farth and Sun {3,4,5]. The mostscnous S0 perforr nance change occurred onboard Voyager 2
in April, 1978, when its primary recciver wei the tacking 1oop citcuit on its backup recciver
failed. This double failure meant that the uplmk carrier reception capability of the S/C had a
bandwidth of only # 100 1z instead of the wnmalt 100 Khz, This eliminated the receivers
capability for tracking the always presant 1oy pler mduced frequency variations. As a result of
these failures, ground system miodifications hid to be naplemented to provide the capability to
vary the, uplink carrier frequency tizmsimitediyaldeep Space Network (1)SN) tracking station
in @a manuner that presented ancai constan Ca o frequency 1o the S/Crecciver. The techniques
developed in 1978 to cope with this inomaby are stillin use today. K ey engineering changes
resulting, from abetter understanding ot1he actual S'( *performance and the ever increasing
operating distance from the Farth and Sun :11(0 s nmmanized in Table 1,

Change Benefit

1979 - VGR 1&2 - Implemented tmagy . Allowed radio science limb tracking and
motion comnpensation Usmg py 1o doif tonne target body tacking for close satellite flybys

21979 - VGRI&2 - Implemented antonaeed . Reduced interaction between the DTR and
onboard 1) "1 '1< momentwmcancdlatios ol resultant S/C mo tion

- 1985 . VGR 2 - Qualified thru sters to op ratce . Reduc ed attnude control drift rate resulting
4 msec pulses rather than the normial 1 01 e redu ced nnage smear during long exposures

- 1985 - VGR 2 - Implemented on-bow d . Allowed near Sat arn: level volume of imaging
imaging data compression and R cedd datato be returned at Uranus and Neptune
So lomon data encoding distances

- 1985 - VGR 2 - Implemented mercased . Allowed i nage motion compensation for
gytodriftturnrate capability close Miranda flyby obser vations

- 1985 - VGR 2- Modified Parkes anteana Increased teler netry reception data rates
for telemetry data reception - anayed aln11husdistance
with Canberra DSN antennas

21989 - VG R 2 -DSN 64 M antennas Jncreasedtelemetiy icception data rates
enlargedto70 M at Neptune distanc e

+ 1989 - VGR 2- Modificd Vary 1 arpe Arry * Increased telemetry 1eception data rates
(VL.A) antennas for telemetty 1eceptian atNeptune dastance
anayed with Goldstone D SN ante nnas

.1989- VGR 2- I.engthened camicia * Needed to accommiodate long, exposure
cxposure capability duration’s at Neptane

- 1989 - VG R 2 - Implemented tw o nes . Needed 1o minimize image smear du ring
magemotioncompensation techane - long exposure duration’s at Neptune

Table 1 - Sumniaryof Key Engineering Cha nges

While the two Voyager S/C have st [ [¢ od par tal enginecritsubsystem failures  and
performance degradation, both S/(° are still fullv capable of supporting the VIM mission/science
objectives. Built-in redundancy and the alilite to 1eprogram the thice fhight computers have
permitted adequate work- arounds for t he probloms experienced to date. 1 lowever, because of
subsystem failures, each S/C is nowvalnersbletaasingle point of” failure. On Voyager 1, onc of
the IFDS memorics failed in 1981, andiaituicol the sccond FDS memor Y would result in end-of-
mission.  On Voyager 2 the primyreceiver 1aded in 1978, however, failure of the second
receiver would resultin 10ss of commiand receprioncapability, butnotend-of-mission. A back

up sequence stored in the Voyager 2 (C(C$ nicinoy would continue to operate the S/C and return
science datauntil * 2017.




The limiting lifetime conswnable on 1)011) S/C is electrical power. The RTGs  currently
provide 336 watts (Voyager 1) and33&watis (Voyager ?) of power and arc degrading at a rate of
about 5.2 watts/year. Extrapolation ofthepaiiormance-to- date indicates an ability to support
science data return until approximately 20:/0. 1 1 ydrazine fuclis not a factor with the quantity
available (34kg on Voyager land36i i on Voyager2) being, sufficientto maintain attitude
control Well beyond 2020.

Voyager Interstellar Mission

The fundamental VIM  science ObICqtive is to i estigate the hcliospheric and interstellar
medium and to characterize the mtcraction etweenthe two.  The accomplishment of  this
objective requires the continued operationofthe two Voyager S/C farbeyond their initial lifetime
requirement of the four years nccessarytomestigate the Jupiter, and Saturn - systems.  After
over cighteen years of flight, bot! | the cngmecring, subsystemsand the Sseven science instruments
capable of providing data related to the VIM  bicctives (¢ AG, PLS, LECP, CRS, PWS, PRA,
UVS,see Figwre 2 for legend) are still funicnonimg, withsome performance degradation, on each
S/C. Typical VI M science objectivesare s mmmnized in Table 2.

+ Characterize the evolution of the soliwwind « Scearch forevidence of interstellar hydrogen
with increasing distance from the Sun and h ehun fiom the mterstellar wind

* Observe solar cycle variation in the distant « Obsery cand characterize the termination
interplanctary medium shock of the supersonic solal wind

+ Investigate latitudinal variations inthe . Obscrve and charactenize the heliopause
interplanctary medium *Obscrvethe local mterstellar medium

- Secarchfotlow-cnetgy cosmic rays aud associated radio cmissions

- Characterize particle acceleration and plasvathem e Obsenve radio emissions fiomthe Sunand solar wind
alization mechanisms in the interplanctaryancdnyg < Monitor the extreme ultraviolet emissions of the Sun
Table 2 - 1Tvpical VI MScience Objectives

The two Voyager S/C are putsumng t hese V' IMscienee objectives from positions above and
below the ecliptic plane. The Vovager 1 sstun flyby 1esulted inthe S/C being deflected out of
the ecliptic planc to the north a anangle of 35.5% in the gencral direction of the solar apex.
Voyager 2 was deflected by Neptune v a dnecnion south of the ecliptic plane at an angle of 48°
andabout 90° away from the ditectionolVoyaper 1. L hgures3and4 illustrate S/C heliocentric
distance and heliocentric latitude (withrexpectt the echiptic plane) information.
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Recent estimates of the termination shoct location range from 60 to 105 astronomical units
(AU), and the hcliopause location cstimitestonge from 116 to 1 77 AU [6]. Both of these goals
may be achicvable within the projcctedbiciin, of thetwo Voyager S/(C. Voyager | is currently
about 64 AU fiom the Sun, traveline at @ spec i of about 3.6 AU per year, and will reach 150 AU
in2020. Voyager 2 is currently asbout 49 A Ulromthe Sun, taveling at a slower sped of about
3.1AUper yea]-, and will reach125A0m 2020,

Science data return during VIM tel e pronarily on teal time telemett y data capture using
34MDSN tracking stations.  The nomnaldaterate is | 60 bps of which 150 bps is science data
and 10 bps is eng incering data. Sixteen | owrspaday of tracking suppor i per S/C is the target for
science data acquisition. This tu pethi. been achicvable in the past but the expected future
increase in missions being suppoitcdbythe 1M 1SN tracking stations will result in reduced
tracking station availability for VIM. Asuasckimg supportisreduced, the ability to characterize
the heliospheric medium is degr aded  Mimmnnum seience data acquisition requirements v ary
between 12 and 4 hours per day per S/C de pendimg on the specific mvestigation. In addition to
the real ime data, 48 seconds of highrate (112 K bps) PWS data is recorded weekly onto the
DR of cach S(. These data arc playedbackovery months providing increased temporal and
spectral resolution snapshots of the plana - ave information. | hgh rate I'WS recording and
playback will continuc until 2010 (Voya, i Lend?012 (Voyager 2) when telecommunications
capability will 110 longer supportthe i TR playback dataate of” 1.4 Kbps.

Mission Operations Systemiescription

The Mission Operations System (MOS) is the collection 0f  hardware and software,
facilities, personnel,and procedwcsutilized 11, 1emotely monitor and control the Voyager S/C,
and deliver data products to enginceting andscrnceusers.  Included in the MOS arc the Ground
Data System (GDS), making extensive us of institutionally supported multi- mission ground data
system clements, two process 01 iented cuplinband downlink) flight operations teams, and a
mature collection of operating procedures it Five evolved throughout the mission.

Ground Data System

The systems that comprisc the Voyaper GDS (circa 1 996) are the Telemetry System,
Command System, Scquence Systens, S° (0 snalysis System, 1)ata Records System, and
Sinmlation System. These systems e distnibuted actoss the globe, fiom the 1 )SN tracking,
stations to the facilitics at the Jet Propalsion 1 .aboratory (IP1.). Voyaper’s GDS has been
extensively modernized since the Neptune encaunterin 1989 With the exception of a fcw
clements utilized for sequence gencration, S C caalysis and suppor t of remote investigators, the
entire GDS is composed of tatlored muthnison components.  The G1)S core processing
clements are of the same lincage as those suppor ting Cassimi, the Mars program, and other new
missions, andarc kept current throuphanativetestprogiam providing periodic GDS upgrades.

Conncectivity between the DSN stations @it the local GDS at 111 is accomplished via the
Ground Communication Facility ((hC1 ) Net work communications hinks providing mission
support include a “critical” Local Arcanerwork (] .AAN) which connects all Voyager-rcsi(icnt
¢ lements (ap proximately twenty-five UIN T Xwo kstations) Of” the GDS.This1LAN 1S connected
across @ patc way to the GCF and totheii SN racking stations, and is the carrier of incoming



telemetry and science data, and of ontgonig cormand traffic. Connected to this IAN arc all the
multimission components of the GDS, (vwe as othicr gateways leading to other projects and
their mission-dependent LANs Tigw e 5 proviies an overview diagr arn of the Voyager GDS.
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Figure 5 - Voyager GDS

Multi-mission telemetry front-cndjnoce sing elements ((ill’, “11S): (1) detectand remove
frame and packet formatstructures; (?) remove data tansportartifacts and data redundancy, and;
(3) provide recovery from lost, noisy and dizonganized data. Data are broadeast over the 1.ANto
project work stations in real-ti]]lc andalsestoredinthe (1)Bfmlater access. Workstation
access toretricve non-real-time  data uses the datarcticval tools DMI) and ‘1'1)s.

in the S/C telemetry analysis arca  an sut omat ed telemetry alarm montitoring tool w as
developed during the VIM to cnabl ¢ the chmnation of around-the-clock mission control support.
This tool, VAMPIRE (Voyagcer Al Momitor Processor Including Remote Examination),
processes the broadcast telemetry data. detectealanm conditions, and initiates contact with on-
call personnel via a sccure dial-back modonwhacertamanomalous conditionsoccur. A second
automatic]) tool MARVEIL (Monitor/Analy. et Of Real-tiillc Voyager Yngineering ] .ink),
devcloped pre-VI M, monitors CCS/EDStclome try dataand displaysonawork station screen
any conditions that are not as predicted. ‘1 hese automation tools have proved to be valuable in
maintaining high mission reliability during sipnificant downsizing of the flight team staffing level.

Since the Neptune encounter, the Vovager 1ataRecords System (1){S) has cvolved from a
project-unique mainframe processing system to a workstation-based server capability. The DRS
“science’ server is connected to flight-critic alportions 01 the G] )S through a gateway to satisfy
sccurity requirements.  Connection 1 thes manner allows the science community timely and
uncomplicated access to scicnee processine lun tions, stored data, standard displays, etc. The
server processes raw packetized science and msstrument health monitoring data, and provides
short term data storage.  The s ver cuppor ¢ the generation of - Experiment Data Records
(EDRs) which are clectronically transferred tothe seience team imstitutions.

The Sequence System relics onarixiure of Voyager-u nique and multimission sequence
generation software. Al components of the Seguence System have transitioned, or arc i the




process of transitionto UNIX platforms. The Voyager-unique portions Of the system provide
for scquence block parameter definition & cditmg, scquenceconstuctionand sequence validation.
Multimission components intet face o the Command System (a fully multimission sy stem)
where command generation, translation, tansfitoal)SN station and radiation to the S/C occur.

It was mentioned carlicithatVoyaper actively puigues atesting programto maintain
currency with the latest multimission capabilities. This IS accomplished with the use of a test
bed where new software is installcdand l'a e apabilitics tested in a fliy,lt-like environment. The
Voyager test bed is typically composcd of severalflight workstations and a file server. The
Voyager test bed configuration is transitary judatcompletionof any es activity, workstations
arc reconfigured for flight supporttsmg the curientoperational version of GDS software.

Flight Team Organization]

The Voyager flight team orpinzation i+ built around the two basic operation processes
(uplink and downlink). Figure 6 illustiates the Voyager Flight Team Organization with an Uplink
1 cam and a Downlink Team, and the func tions performed.  Additional operations functions
include project and mission management adnnnistrative support, and support of mult imission
and VOyagc.1-unique hardwarc andsottware  updates, including  development, testing, and
configuration management. Thic curtentt lizht tea m staf fing level is about 25 people with team
personnel cross trained to perfonin nwltiy 11¢ oj¢ tations functions.  Thiscross training, combined
with the dcletion of selected lowerpriority  cperations tasks, is cssentialtoaccomplishing the
nceessary functions withthelimited pessonndt available for mission operations support.  With
further staffing reductions, additional cooshaningandtask deletions will be necessary.
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Uplink Team Description

The Uplink Team performs al | fur tionsnecessary to generate S/C event sequences,
command files, andto transmit andconfim conmandssenttothe S/C.I'wo basic processes, the
sequence generation process and thercal-tune commandprocess, provide the mechanism for
accomplishing these functions.

The sequence generation process beg ans vath the collection of S/C activity requests (sci ence
and engineering), which arc combincd into aconflictfice sequence design(a timeline of sequence
events). Based on this sequence design, amncarderedlisting of all S/C events is generated and a
sequence simulation and validation per formed A cormnand file is then generated, validated for
correctness, and madce available fortrinsnussaonto the S7C.

The real-time commanding processt, uscdto load S/C event sequences and modify the on-
board S/C configuration and/or the exceutng seaquence. These operations consist of generating the
rcai-time command request, coordinatimgzndreiewmgthic request, negotiating the DSN coverage
foruplink transmission and downlink ver fication, gencrating the command file, transferring it to
the DSN, and monitoring the transimssin of the conmands and the verification of the S/C
receipt of the command aRound-Trip Lightaime (RT1 ) later. The long RT1.Ts involved (17
hours for Voyager 1 and 14 homsfor Voyaver ?) 1esultincommand verification probably
occurring with a different DSN station and differ ent project personnel than performed the
connand transmission.

Downlink Team Description

The Downlink Process begins at the = C where stite, status, and mstrument observation
samples are integrated into @ fonnaticdditssticam{ortransinission o DSN- tracking stations.
The Downlink Process ends with delivery olcommtted data producets to science  investigators.

The Downlink Team iS respronsible foitie captue, conditioning, and delivery of science
and ancillary data committed by the projectto experimenters, as well as, ail datarequired for
mont toring, the status of the Voyagcr S'C.

The Downlink Team also provides analysi s of S/C and science instrument performance and
health. This team evaluates S/C and instronmen status against expected performance and  initiates
recovery actions for ail S/C anornalics.  Ihe Downlink Team provides mputs for the uplink
process as necessary to generate engineet iy catbration and performance data needed to evaluate
S/C performa nee and health, and provid ccany 1iceessary S/C state and status data to predict S/C
behavior for real time monitoring.

Mission Operations Concept

Voyager mission operations consist- of maintaining S/C healthand safety while obtaining
sufficient Fields, Particles, and Waves (1 PW) science data to satisfy the VIM objectives. The
kcy clements of the operations concept foraccomplishing these two principle objectives
includes: (1) a S/C sequencing strategy  that amimizes the sequencing effort required, while
maintaining a sufficient level of nssior adaptivity; (2) minimize  teal-time mission control
support by reliance on an automatedtclometry alarm monitoring tool (VAMPIRE) that alerts
flight tcam personnel in the event of ou-of-talerance S/C conditions; 3) automated on-board
fault detection and safing for critical S/C capanilities; (4) along dwation onboard science data



acquisition sequence to protect apgamist loss of command 1eception capability and; (5) a power
utilization plan consistent with the expedted power availability profile.

Sequencing Strategy

The VIM sequencing str at epy 1s Dhasedon baving a continuously executing scquence of
repetitive science observations andcugaseonn: calibrations called a “baseline sequence” stored
on-board each S/C. Also stored mthescaacncememory of cach S/Cis the S/C pointing
information necessary to keep the boresigl o the HGA pointed at the Farth until approximately
20?.() allowing continuous commumcatior Gp: *nlity with cach S/C. Augmentation of the baseline
secquence With llon-repetitive scicnce orciigme-ningeventsusecitheran”overlay sequence,"or a
“mini-sequence.” The difference betwecnthes: wo types of augmentationsequences s that the
overlay scquence operates forafixed int orval ol time, cuttently six months, and contains al of
the bascline sequence augmentationsiorthat ime interval. The 1 nini- sequence 1s focused on
accomplishing a single augmentaton necd andi not arepularly scheduled activity but is done on
an as nceded basis. Both types 01 scquenvearedevelopedand transmitied from the ground.

Inthe event command capabilityiclost, another sequence clement, the "Backup Mission
1 oad,” (13M1.) provides the mechamsinfore ntinued science data acquisition without further

. ground interaction. A 13 M, is storedon-beard cach S/C and contains the necessary  instructions
to modify the continuously executing bascline cguence to maintainthe continued return of basic
FPW data.

All of these sequence elements use pn cdefined, and validated, blocks ot commands to
accomplish specific S/C functions.  While the sbility 10 use pre-defined blocks of commands
great 1y reduces the effort requited to genetate «nd vahdate asequence of commands, there is an
incfficicncy in the number of memor y waords reededtoaccomplisha given function. The VIM
science data acquisition requirements,sequencngstrategy, and available CCS memory space
support the use of pre-defined blocks of cnmninds.

Baseline Sequence

The baseline sequence is a sctofinstivetions stored inthe ¢ ©S memory and composed O f
repetitive S/C activities which excoutecontinuo sy throughout the VIM to return the basic FPw
scicnce data. Eleven "S/C blockroutines' smedinthe (X'S H]c 1])01% arc used by the baseline
sequence to accomplish the desired S/(* ceratic Dunng normal operations, each S/C performs
the repetitive vaserine Sequence scicnce andengricermg activities describedin <svapre 3.

* continuous collection and ret urn of ¢roise * xeeution of a1 IGA/sun senisor calibration
science data at 160 bps nancove (A SCAL) every 6months
.Weekly recording of one frame of ) hph Ricte s oxecutionof a PMPCAT once amonth (Plasma
PWS data Wave, Map nctometer Subsystem, Field Particles
.playback Of six maonths of recorded PW s din Waves Penodic Engineeting & Science Calibration)
C\ cl)’ () 1220111115 . petonm Dhigital Tape Recorder maintenance twice a yeat
< execution of a magnctometer calibration roll s petform gyro conditioning and CCS timing, test cvery 3
mancuver (M AGROL ) every 3 months months

Table 3 - Ba so:hine Seq uence Activities



overlay or Mini-Sequence

Overlay scquences arc usedto sugment the continuously exceuting bascline sequence and
are prepared on @ regularly scheduled basis cuently 6 months. Thie overlay sequence provides a
mechanism for incorporating noni-repetitive sewence and enginceting events into the S/C sequence
of activities exccuting incombination with the bascline sequence. Thie acquisition of UVS
observations, which requires pointing of thos(im1 platform, is the pinnary driver for the regularly
scheduled over lay loads. Around the turn of ¢ nitary, the available electt ical power will no longer
support the use of the scan platfor mandthict VS instturnent. - At that time, the use of” overlay
sequences will probably end and winisequene < Will be used to augiment the baseline sequence as
nceded. ‘i’able 4 lists typical cventsinoverlay sequences:

. UVS stellar and heliospheric observat 1omes, © 1 YIR playbacks to recover data when the bascline

. two additional MAGROT s per yean per seque nee playback was not captured on the ground,
SK’; . CCSADS/AACS 1ncHIO I 1eadouts

cadditional high late PWS records and ~updates to B ML and Fault Protection Algorithms
D'[ Rplaybacks; , modifications to basclme sequence

Table 4 . Overlay Sequence Activities

Mmi-sequences also augment the bascline sequence but are prepared on an as needed basis
rathcer than on a regularly scheduled bast. Thse sequences are usually intended to perform a
specific function rather than the multple functions as performed by an overlay sequence. A mini-
sequenee may be used to replay DR pliyback data not captured on the ground, respond to a
S/C anomaly, or record and playback imciceased Inphirate PWS data when the termination shock 1s
cncountered.

Backup Mission load

The BMI. provides on-board automate d protection apamst the 10SS of command capability
toboth SK’.  Without command caj ahitity. the S/ must continuc to operate with the
instructions previously stored inthe CCSmenvay. The BMIL inconjunction with the baseline
sequence, provides this automated pr otection seainst loss of command capability. The BMI.
modifies the bascline sequence t0 provide ) PW data foras long as the S/C continues to function,
BM i, maodifics the baseline sequence tolint S/C activities and configures the S/C for
compatibility with the 10ss of command capability.

Real Time Mission Control

Mission control support has theycsponsibilitics of monitonng S/C health, primarily by
monttoring S/C alarm limits, ensuring the 1SN wapportoceurs as planned, and the transmission
and verification of’ commands.  Duting the pnne Voyager mission, 1cal time mission control
suppro 1t was provided around the clock With the reduced flight tcam staffing during VIM  and
the acceptability of increased risk during ancexteried nnssion, real time mission control is limited
to weckday prime shift and special of I shift cvents (commanding, | YT'R playbacks, attitude
mancuvers). The implementation of the V' ANMPIRE avtomated alaim monitoring  capability has
made this arrangement aceeptable \Vii]] onlya slightinereaseintheriskto data acquisition duc to
reduced DSN coordination during, scheduled 1SN tracks




Fault Protection and Anomaly Respo nse Capability

Fach Voyager S/ChasFaultuwotedtion Algorithms (I PAs) stored on-board that arc
designed to recover the S/C fiom other wise mission- catastiophic failures. They arc mostly
implemented in the Voyager’'s CCS, w lii leafev, are inthe AACS. Inthe CCS, FPAs arc invoked
by inter rupts reccived from exter nisl as woll as internal CCS sources, and followed by
preprogrammed responses. Table Sdesciibesthe five 1 PAs that are currently stored in the CCS.

AACS Power Code Processing monitors £ AC S status information and issuces pre-
progranmed recover y 1esponses in the ¢t of AACS anornalics.

. Command Loss - switches to scdundant ( mnme it reception hardware unitin an effort to
reestablish command reception capabihits in the e vent of & command not being received
wit hin the specified tme it erval (cunen by sei i 42 days).

. Radio Frequency Power 1,0ss . momtors s sné X bandexciter and transmitter hardware, and
switches to redundant units if failure s d teoed

.(C(’'S Enor - responds to critical anonlors CCn hardware and software conditions. The
response typically stops any ongoing seouinc e ctivities, places the CCSinaknown
quicscent state anti waits forground acne)

.PowerRecover y- responds to CC'S toleraced si-ctor trip o) S3/C undervoltage po wer
utilization condition by eliminating powe 1 ud i a predetennined manncs,

Table s - Fault Protection Algorithms

Power Reduction Plan

Ilectrical power for the Voyaper S/C s provided by RTGS. 1)ue to the radioactive decay of
the plutonium fucl source, the clccuicalpowerprovided by the RTGsiscontinuall y declining,
with the current rate of decay being approxistely 5.2 watts per year.  In order to maintain an
adequate power margin, itisnccessary topeniodically reduce power usage, by turning off power
loads. Table 6 summarizes the keynssionchangesiesulting fiom the power reduction plan for
the two S/C.This plan preserves the opovetion of the FPW insttuments (MAG, P1,S, 1.ECP,
CRS, I'WS, PRA) untilapproximatcly 2015 atv hichtime they willbe turned off, one at a time,
asnccessary. The order of turnoff'shallbi>dep o ndentupontheinstument status at that time.

Voyager 1 Voyager 2
. Terminate UV data acquisition and svan plation operations 100V 1998
. Terminate pyro operations (MAGROT & ASC /i calibrations) 1))/ 2004
. Start turning, of 7 FPW instruments 2015 2016

Table 6 - Key Power Minagcment Driven Mission Cha nges
Voyager Project 1 lome Page

For more information and currentsiatiesof the Voyager Project, the World Wide Web
address of the Voyager Projectome Paper shto://viaptor jplnasa. po v/voyager/v oyager.html

Recommendations IFor Considerat ion By Future Missions

Design the S/C data system to mect oxastin ground systeminter faces, and avoid requiring
unusual data formats, data modcs, derved paametets, et



i. Build ample margins intothe S/¢ suihs ystems (telecommunications, electrical power,
compute] memory, propellant, cte ] thatwill eliminate subsystemmargin management and
reduce required subsystem atial ysis

1. Design the data return plan tonuninize ntilization of DSN resources.  This implies on-
board data storage capable of stoning day- worth of databeforcrequiting playback. Avoid
real time data return missions.

iv. Incorporate on-board subsystein trend analysis/alarm monitoring capability that only
requires downlinking the tiendanatysi. and a1 arm monitot ing parameters for normal
opcrations.

v. If possible, utilize shared mission operatons with another project. This is feasible if: the
sharing projects do not have nnssions chat conflict with one another in terms of peak
activity periods; aunique M(}S is notieqitedand; greatly difterentoperating skills arc not
required to operate each mission

vi. Minimize real time missioncontrolsippoit by implementing automated monitoring
capabilities, i. ¢, a VA MPIRI -lik¢ alanmimonitoring andnotification  tool.

vii. Foster a concurrent MOS- S/C engimees vap process. Utilize a simulation capability to
develop and demonstrate groundsy:tem/spacectattinterfaces and compativitity as the S/C
cvolves. These same groundnode~ wil later ser ve to suppor t delivery of science data,
supportinputs to the uplhink proces, ancsupport S/C subsystems analysts in the event of
aS/C anomaly.
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